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Improved approach to spin-polarized relativistic LMTO formalism:
Application to the electronic structure of Fe-Ni compounds

at the Earth’s core conditions

A. E. Krasovskii
Institute of Magnetism, Ukrainian NAS, 252680, Kiev 142, Ukraine

~Received 17 March 1999!

A first-principles fully relativistic spin-polarized linear muffin-tin orbital method for calculations of elec-
tronic structure of magnetic crystals that contain heavy elements is presented. The orbital contribution to the
four-current density is omitted, and no further approximation is made to treat the spin polarization and the
spin-orbit coupling effects in solving the Dirac equation for a spin-dependent potential. The self-consistent
band structure and calculated spin and orbital magnetic moments for Fe metal are compared with previous
calculations and with experimental data. First-principles non-spin-polarized calculations of the ground state of
some ordered Fe-Ni alloys at the Earth’s core pressure for several concentrations of Fe are presented. In the
density-of-states function of the nonmagnetic FeNi3 a pronounced peak in the vicinity of the Fermi level has
been observed. A spin-polarized calculation for FeNi3 has been performed, which predicts a weak ferromag-
netism of 0.393mB /cell. The effect is explained in terms of the electronic structure. An attempt is made to
roughly estimate the Curie temperature for this compound.@S0163-1829~99!11741-7#
tio
llic
u
nd
nd
e

th
od
d
ea
l

-
ha
on
ak

in
t
th

liz

lic
he

o
n

w
f t

h’

ain,
ant
to

olar
lid

d
n
n-

era-
13

’s
tly
te

cal
pts

on-
res

cked
es-

t in
l is

igh-
er
den-
ic
be
n
i-

lue

.

I. INTRODUCTION

The local-spin density approximation~LSDA! with gradi-
ent corrections is known to provide a reasonable descrip
of the ground-state properties of the majority of meta
compounds. However, important physical phenomena, s
as magnetocrystalline anisotropy, Kerr effect, or the grou
state properties of materials containing heavy elements u
high pressure, require accurate treatment of both magn
and relativistic effects.

Within the nonperturbational approach to the problem
following generalizations of classical band-structure meth
to treat ‘‘on equal footing’’ both the spin-polarization an
the relativistic effects have been developed: the lin
muffin-tin orbital ~LMTO! method,1 the augmented spherica
wave ~ASW! method,2 the cellular method,3 and Korringa-
Kohn-Rostoker~KKR! method.4 Linear band-structure meth
ods, LMTO and ASW, are about a hundred times faster t
KKR, and the accuracy of eigenvalues and eigenfuncti
remains sufficiently high. Apart from the neglect of a we
coupling between the states withD l 562, D j 561 ~Refs. 5
and 6! the relativistic spin-polarized generalizations conta
certain approximations that make it technically possible
solve the Kohn-Sham-Dirac equations in the presence of
magnetic field. An aim of the present paper is to genera
the conventional relativistic LMTO method7 ~RLMTO! in
order to incorporate the spin polarization effects with exp
itly taking into account the off-diagonal elements of t
single-site transition matrix.6,8

One of the most important unresolved problems
geochemistry is the chemical composition, structural, a
magnetic properties of the Earth’s interior. In this paper
make an attempt to coherently understand the structure o
Earth’s core on the basis ofab initio calculations of Fe-Ni
alloys.

It is generally accepted that the composition of the Eart
PRB 600163-1829/99/60~18!/12788~11!/$15.00
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core ~and also other planets! should be similar to one of the
siderites, i.e., iron-nickel alloy based meteorites that cont
on the average, 90% Fe and 10% Ni. Amongst abund
chemical elements in space only iron and nickel can lead
the observed averaged density of the planets in the s
system. The Earth’s core consists of two layers: the so
inner core~IC! with the radius of 1250 km and the liqui
outer core~OC!, a layer from 1250 to 3470 km. Moder
geophysical data give the following estimates of the IC co
ditions: the pressure is between 3 and 4 Mbar, the temp
ture between 4000 and 8000 K, and the density between
and 17 g/cm3 ~Ref. 9!.

Though possible distribution of nickel through the Earth
core is not known, it is believed that the core contains mos
iron, which is the basis for modern theoretical solid-sta
models of the IC. However, the uncertainty in the chemi
composition makes the results ambiguous. Recently attem
have been made to elucidate the structure of the IC by c
sidering the behavior of pure iron under very high pressu
up to 4 Mbar both experimentally10 and theoretically.11 It has
been established that all possible high-pressure close-pa
phases of iron are nonmagnetic. The Fe-Ni alloys at IC pr
sures has been experimentally studied by Maoet al.12

However, more than 30 years ago it has been found tha
the pressure range from 1.5 to 3 Mbar the density of nicke
about 7% larger than the density of iron.13 That is not very
surprising because the electronic structures of the two ne
boring transition metals should not differ significantly und
extreme pressures, and, therefore, the difference in the
sities should result from the difference of their atom
weights, which is about 5%. This suggests that IC may
enriched by nickel~because that minimizes the gravitatio
energy!, thereby making it necessary to consider also N
based alloys. Note that the 10% content of nickel is a va
averaged over the whole core~including both OC and IC!,
and the amount is sufficient to fill the IC with pure nickel
12 788 ©1999 The American Physical Society
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PRB 60 12 789IMPROVED APPROACH TO SPIN-POLARIZED . . .
Although little is known about the crystal structure of th
IC, previous studies11 have shown that at the IC condition
pure iron can crystallizeonly in close-packed structures~e.g.,
fcc, hcp, and dhcp!. The result is natural for the nearl
twofold-compressed iron. Nevertheless, at extreme press
interatomic distances may become so small that the o
core shells overlap~Fe 3p states!. In that case the abov
conclusion that the crystal structure should be close-pac
may become incorrect.

Based on the above arguments we start with the assu
tion that at least one spherical layer of the IC may cont
the iron-nickel alloy with the chemical composition o
FeNi3. In this work we consider only crystallographical
ordered alloys. Also, this compound should possess
close-packed crystal structure of Cu3Au type that originates
from the fcc structure of pure Ni and Fe12xNix alloys with
x.0.2,14 with Fe atoms occupying the cube corners and
atoms the face centers. Thus the mass density of the c
pound corresponds to the estimated density of the IC, wh
is 13 g/cm3 and leads to the lattice constant of 5.847 a
(3.094 Å ). Note that at atmospheric pressure and room t
perature the lattice constant of FeNi3 is 8.862 a.u.,15 so the
volume compression by a factor of about 1.5 will be studi

At first sight it seems that in extremely compressed Fe3
iron behaves very similarly to nickel. However, according
non-spin-polarized electronic structure calculations
density-of-states~DOS! function of FeNi3 exhibits a pro-
nounced peak in the vicinity of the Fermi level. The DOS
the Fermi energy, EF , is rather large @N(EF)
56.4 states/eV atom#, and, according to the Stoner model
ferromagnetism, a spin alignment may occur at least aT
50. This makes it interesting to perform spin-polariz
ground-state band-structure calculations of the alloy.
have found that the spin alignment is favorable, the resul
magnetic moment being 0.393mB /cell. In addition, we make
an attempt to roughly estimate the Curie temperature of
compound on the basis of the Stoner theory.

The basic formalism of the spin-polarized relativistic li
ear muffin-tin orbital method is presented in Sec. II. An a
plication of the computational scheme to the self-consis
band-structure calculation of iron is presented in Sec.
The results are compared with previous calculations and w
available experimental data. The results on the electro
structure of the ordered Fe-Ni alloys at the inner Earth’s c
conditions are presented in Sec. IV. Section V concludes
paper.

II. SPIN-POLARIZED RELATIVISTIC LINEAR
MUFFIN-TIN ORBITAL METHOD

The most widely used approach to treat both relativis
effects and the effect of the magnetic field on electrons i
solid is based on a scheme proposed by MacDonald
Vosko.16 In this approach the Dirac equation for a spi
dependent potential has the form

@H~r !2E#c~r !50, ~1!

H~r !5H 0~r !1H M~r !, ~2!

H 0~r !5ca•p1bmc21IV~r !, ~3!
res
er

ed

p-
n

e

i
m-
h
.
-

.
i

e

t

e
g

is

-
nt
I.
th
ic
e
e

c
a
nd

V~r !5VH~r !1Vxc~r !, ~4!

whereH 0(r ) is the Dirac operator,a andb are the standard
Dirac matrices, andI is the unity matrix. The spin-dependen
part of the Hamiltonian,

H M~r !5bs•B~r !, ~5!

contains an effective magnetic fieldB(r ),

B~r !5mB@Bxc~r !1Bext~r !#, mB5
e\

2mc
, ~6!

which couples to the spin of the electron. HereBext is an
external field. The superscriptsH andxc refer to the Hartree
and the exchange-correlation potentials, respectively,

Vxc~r !5
d

dn
Exc@n,m#, Bxc~r !5

d

dm
Exc@n,m#, ~7!

wheren(r ) andm(r ) are the electron and the spin magne
zation densities, respectively.

Each atom is surrounded by a so-called atomic sph
inside which the potential is thought to be spherically sy
metric. Inside the sphere the bispinor solutions of Eq.~1! are
given by a general spin-angular expansion,

ckm~E,r !5 (
k8m8

F gk8k
m8m

~E,r !xk8
m8~ r̂ !

i f k8k
m8m

~E,r !x2k8
m8 ~ r̂ !

G . ~8!

xk
m( r̂ ) are the spin-angular functions andk is the relativistic

quantum number. As has been established in Refs. 5 an
for spherically averaged potentialsV(r ) and B(r ), Eq. ~1!
results in an infinite set of coupled equations for radial fun
tions. The usual approximation is to neglect the weak sp
orbit coupling of the order of (1/c2)(1/r )@dB(r )/dr# be-
tween the states withD l 562, D j 561 and to keep only the
coupling between the states withD l 50, D j 56 1

2 so that the
infinite set decomposes into independent sets of four~for
umu< l 2 1

2 ) or two ~for umu5 l 1 1
2 ) coupled equations for

eachlm.
Using the notation

k5H s

l J 5H 2 l 2152 j 2
1

2
,0 if s51

1

2

l 5 j 1 1
2 .0 if s52

1

2

~9!

one can rewrite Eq.~8! for umu< l 2 1
2 in terms of two lin-

early independent basic solutions of Eq.~1!,4

c lm~E,r !5 (
h51,2

clm
h f lm

h ~E,r !, ~10!

where coefficientsalm
h depend on boundary conditions so

to match to the solutions outside the atomic sphere. Her

f lm
h ~E,r !5 (

s56
1
2

w lm
s,h~E,r !, ~11!

where the partial solution takes the form
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12 790 PRB 60A. E. KRASOVSKII
w lm
s,h~E,r !5 i lF glm

s,h~E,r !x l ,m
s ~ r̂ !

i f lm
s,h~E,r !x l 12s,m

2s ~ r̂ !
G . ~12!

The energy derivative of the partial solution is introduced
a standard manner

ẇ lm
s,h~E,r !5 i lF ġlm

s,h~E,r !x l ,m
s ~ r̂ !

i ḟ lm
s,h~E,r !x l 12s,m

2s ~ r̂ !
G . ~13!

It is easy to obtain the standard set of the relations17,7

~H2E!f lm
h ~E,r !50, ~14!

~H2E!ḟ lm
h ~E,r !5f lm

h ~E,r !, ~15!

^f l 8m8
h8 ~E,r !uf lm

h ~E,r !&5dh8hd l 8 ldm8m , ~16!

;h8,h ^f lm
h8~E,r !uḟ lm

h ~E,r !&50. ~17!

The Dirac equation~1! for free-electron states withE
2V2bs•B50 has two bispinor solutions:7 the solution
singular at the origin

f̃ lm
s ~D52 l 21,r !

5 i lF S r

SD 2 l 21

x l ,m
s ~ r̂ !

2 iu~s!
2l 11

cS S r

SD 2 l 22

x l 12s,m
2s ~ r̂ !

G , ~18!

whereD is a logarithmic derivative, and the regular one

f̃ lm
s ~D5 l ,r !5 i lF S r

SD l

x l ,m
s ~ r̂ !

1 iu~2s!
2l 11

cS S r

SD l 21

x l 12s,m
2s ~ r̂ !

G .

~19!

Here the tilde refers to free electrons, andS is the radius of
the atomic sphere.

Therefore the solution of Eq.~1! inside the sphere is cho
sen as

C~E,r !5(
lsm

(
h51,2

clm
h w lm

s,h~E,r !, ~20!

and, similarly to the conventional RLMTO method,7 the ex-
pression for the wave function with an arbitrary logarithm
derivativeD reads

F lm
s ~D,r !5(

h
@alm

h ~D !w lm
s,h~En ,r !1blm

h ~D !ẇ lm
s,h~En ,r !#.

~21!

Similarly to the procedure of Ebert1 the functions~21! are
matched smoothly to the Neumann~18! and Bessel~19! so-
lutions to obtain a set of four equations for every logarithm
derivativeD5$2 l 21,l %.
(
h

@alm
h ~D !glm

11/2,h~S!1blm
h ~D !ġlm

11/2,h~S!#51,

(
h

@alm
h ~D ! f lm

11/2,h~S!1blm
h ~D ! ḟ lm

11/2,h~S!#

5H 2
2l 11

cS
if D52 l 21

0 if D5 l ,

(
h

@alm
h ~D !glm

21/2,h~S!1blm
h ~D !ġlm

21/2,h~S!#51,

(
h

@alm
h ~D ! f lm

21/2,h~S!1blm
h ~D ! ḟ lm

21/2,h~S!#

5H 0 if D52 l 21

1
2l 11

cS
if D5 l .

~22!

These matching conditions atr 5S are analogous to those i
the KKR method,6 with the electron momentum in the inte
stitial region being equal to zero. The matching conditio
take explicitly into account the fact that the off-diagonal e
ements in the single-site transition matrix are nonzero.8

The basic assumption of the itinerant theory of magnet
is that the electrons responsible for magnetic properties
described by Bloch functions. The one-center expansion7 of
the Bloch sum of the free-electron relativistic muffin-tin o
bitals X̃lm

s (r )(s56 1
2 ) in the sphere atq8 has the form

X̃Lm
k,s~r2q8!5dq8qf̃Lm

s ~2 l 21,r2q!

1 (
RÞ0

eik•RX̃Lm
s ~r2R2q8!

5dq8qf̃Lm
s ~2 l 21,r2q!

2 (
l 8s8m8

f̃L8m8
s8 ~ l 8,r2q8!

2~2l 811!

3ASq

Sq8

S L8,s8,m8;L,s,m
k . ~23!

Here the subscriptL denotes the set$q,l %; q is the position
of an atom in the unit cell. The relativistic structure consta
S L8,s8,m8;L,s,m

k are related to the nonrelativistic structure co

stants SL8,m8;L,m
k by the expansion in terms of Clebsch

Gordan coefficients7

S L8,s8,m8;L,s,m
k

5 (
s561/2

Cl 8,m82s,1/2,s
j 8,s SL8,m82s;L,m2s

k

3Cl ,m2s,1/2,s
j ,s . ~24!

Inside a sphere at the siteq the spin-polarized relativistic
muffin-tin orbital ~SpRMTO! XLm

s (r ) is now given by
FLm

s (2 l 21,r2q). In the interstitial region we assume th
E2V2bs•B is zero, and the expression for the SpRMT
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is f̃Lm
s (2 l 21,r2q). In a sphere centered at a different la

tice site R1q8 it is a linear combination of the function

FL8m8
s8 ( l 8,r2R2q8) such that the SpRMTOXLm

s (r ) is con-
tinuous everywhere in the crystal. Then a one-center exp
sion of the Bloch sum of the SpRMTO’s can be construct
In the sphere atq8 it reads

XLm
k,s~r2q8!5dq8qFLm

s ~2 l 21,r2q!

2 (
l 8s8m8

FL8m8
s8 ~ l 8,r2q8!

2~2l 811!
ASq

Sq8
S L8,s8,m8;L,s,m

k .

~25!

In terms of the basic functions~25! the trial function is
il
n

te

o

n-
.

Ck~Ei
k ,r !5(

Lms
Ai ,Lm

k,s XLm
k,s~r !, ~26!

and the variational problem arising from the crystal Dir
equation leads to the generalized eigenvalue problem

(
Lsm

~HL8m8,Lm
k,s8s

2Ei
kOL8m8,Lm

k,s8s
!Ai ,Lm

k,s 50, ~27!

which is linear in energy since the basis functions do
depend on energy. The diagonalization of this set yields
genvaluesEi

k and eigenvectorsAi ,Lm
k,s for a given Bloch vec-

tor k ( i is the band number!.
The overlap and the Hamiltonian matrices now read
OL8m8,Lm
k,s8s

5(
q9

^XL8m8
k,s8 ~r !uXLm

k,s~r !&q95dL8Ldm8mds8s^FLm
s ~2 l 21!uFLm

s ~2 l 21!&

2F ^FL8m8
s8 ~2 l 821!uFL8m8

s8 ~ l 8!&

2~2l 811!
ASq

Sq8

1
^FLm

s ~2 l 21!uFLm
s ~ l !&

2~2l 11!
ASq8

Sq
GS L8,s8,m8;L,s,m

k

1ASq8Sq (
L9s9m9

1

Sq9@2l 9~ l 911!#2
^FL9m9

s9 ~ l 9!uFL9m9
s9 ~ l 9!&S L8,s8,m8;L9,s9,m9

k S L9,s9,m9;L,s,m
k , ~28!

HL8m8,Lm
k,s8s

5(
q9

^XL8m8
k,s8 ~r !uHuXLm

k,s~r !&q9

5dL8Ldm8m$ds8sFLm
s ~2 l 21!uH 01H z

MuFLm
s ~2 l 21!&1~12ds8s!^FLm

2s~2 l 21!uH z
MuFLm

s ~2 l 21!&%

2H F ^FL8m8
s8 ~2 l 821!uH 01H z

MuFL8m8
s8 ~ l 8!&

2~2l 811!
ASq

Sq8

1
^FLm

s ~2 l 21!uH 01H z
MuFLm

s ~ l !&
2~2l 11!

3ASq8
Sq

1
ASq8Sq

2 GS L8,s8,m8;L,s,m
k

1
^FL8m8

s8 ~2 l 821!uH z
MuFL8m8

2s8 ~ l 8!&

2~2l 811!
ASq

Sq8

S L8,2s8,m8;L,s,m
k

1
^FLm

s ~2 l 21!uH z
MuFLm

2s~ l !&
2~2l 11!

ASq8
Sq

S L8,s8,m8;L,2s,m
k J 1ASq8Sq (

L9s9m9

1

Sq9@2l 9~ l 911!#2
$^FL9m9

s9 ~ l 9!uH 0

1H z
MuFL9m9

s9 ~ l 9!&S L8,s8,m8;L9,s9,m9
k S L9,s9,m9;L,s,m

k
1^FL9m9

2s9 ~ l 9!uH z
MuFL9m9

s9 ~ l 9!&S L8,s8,m8;L,s,m
k S L9,2s9,m9;L,s,m

k %,

~29!

H z
M5bszBz~r !. ~30!
ve

f

The expression for the matrix elements of the Ham
tonian is much more sophisticated than in the conventio
RLMTO method,7 because they originate from~and have the
same symmetry as! the single-site transition matrixtL8m8,Lm .
Its explicit block-diagonal form can be found in Ref. 8. No
that the matrix elements of bothH 0 andH z

M contribute to
the main diagonal of the transition matrix, whereas those
-
al

f

H z
M refer to secondary diagonals. So, for an arbitrary wa

function w̄L8m8
s8 (r),wLm

s (r), which has the structure o
F lm

s (D,r ) ~21! respective matrix elements read

^w̄ l 8m8
s8 ~r!uw lm

s ~r!&5d l 8 lds8sdm8mE
0

S

@ ḡlm
s glm

s 1 f̄ lm
s f lm

s #r2 dr,

~31!



f

ac

ec-
t,

ry
be

act

ds
-
ld
re

ve
e is
rgy
tal

tice

thin

nd
of
eir
e-
hat
ic-
r-

pin

12 792 PRB 60A. E. KRASOVSKII
^w̄ l 8m8
s8 ~r!uH 0uw lm

s ~r!&

5d l 8 lds8sdm8mE
0

SH 2ḡlm
s F d

dr
1

12k~ l ,s!

r Gcf lm
s

1c f̄ lm
s F d

dr
1

11k~ l ,s!

r Gglm
s 1V~r!ḡlm

s glm
s

1FV~r!

c2
21Gc2 f̄ lm

s f lm
s J r2 dr, ~32!

^w̄ l 8m8
s8 ~r!ubszBzuw lm

s ~r!&

52d l 8 ldm8mH ds8smE
0

SF 1

k~ l ,s!1
1

2

ḡlm
s glm

s

1
1

k~ l ,s!2
1

2

f̄ lm
s f lm

s GBz~r!r2 dr

2~12ds8s!E
0

SA12S m

l 1
1

2
D 2

3ḡlm
2sglm

s Bz~r!r2 drJ , ~33!

^w̄ l 8m8
s8 ~r!ub l zuw lm

s ~r!&

5d l 8 ldm8mH ds8smE
0

S

sgnk~ l ,s!F k~ l ,s!11

l 1
1

2

ḡlm
s glm

s

1
k~ l ,s!21

k~ l ,s!2
1

2

f̄ lm
s f lm

s G r2 dr

1~12ds8s!
1

2E0

SA12S m

l 1
1

2
D 2

3ḡlm
2sglm

s r2drJ . ~34!

If one neglectsH z
M ~30! at the stage of solving the set o

coupled radial equations then the superscripth in Eqs.~21!
and~22! is lost and one comes to the perturbational appro
to the spin-polarized RLMTO described in Ref. 1.

Lsm component of the crystal wave function~26! in the
sphere atq can be easily obtained by inserting Eq.~25! into
Eq. ~26! and renaming the subscripts
h

CLm
k,s~Ei

k ,r !5Ai ,Lm
k,s FLm

s ~2 l 21,r2q!

2
FLm

s ~ l ,r2q!

2~2l 11! (
L8s8m8

Ai ,L8m8
k,s8

3ASq8
Sq

S L,s,m;L8,s8,m8
k . ~35!

The spherically averaged partial contributions to the el
tronic density and to thez component of the spin momen
which arise in self-consistent calculations, take the form

nLm~E,r!5
V

~2p!3 (
i

(
s8,s

E
BZ

3F 1

4pE ^CLm
k,s8~Ei

k ,r!uCLm
k,s~Ei

k ,r!&dr̂G
3d~E2Ei

k!dk, ~36!

@mz#Lm~E,r!5mB

V

~2p!3 (
i

(
s8,s

E
BZ

3F 1

4pE ^CLm
k,s8~Ei

k,r!ubszuCLm
k,s~Ei

k,r!&dr̂G
3d~E2Ei

k!dk, ~37!

whereEF is the Fermi energy andV is the unit-cell volume.
Noncollinear ordering of the spin moments for arbitra

crystal structures with many atoms per unit cell can
treated as proposed by Ebert.1

Finally, note that the proposed formalism has two ex
limits: the non-spin-polarized relativistic limit7 and the spin-
polarized nonrelativistic limit. In contrast to other metho
developed some years ago,2,4,3 in the general case the cou
pling between relativistic effects and intrinsic magnetic fie
is treated ‘‘on equal footing’’ both inside the atomic sphe
and in the interstitial region.

III. RELATIVISTIC SPIN-POLARIZED BAND STRUCTURE
OF IRON

As an example of the application of the method, we ha
chosen ferromagnetic iron because its electronic structur
well studied. We have self-consistently calculated the ene
bands and the energy distribution of spin, orbital, and to
magnetic moments in the bcc iron at the experimental lat
constant 5.405 a.u. The atomic sphere approximation17 was
used, which assumes spherically averaged potential wi
the Wigner-Zeits sphere of the radiusSWZ .

The exchange-correlation potential of von Barth a
Hedin18 without relativistic corrections was used. The set
coupled equations for both the four radial functions and th
energy derivatives was solved with two parallel finit
difference schemes. The numerical method is similar to t
used in Ref. 6 to construct the spin-polarized relativist
Korringa-Kohn-Rostoker radial functions. The angula
momentum expansion of the trial function~26! was up tol
52.

Figure 1 presents the energy band structure for the s
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alignment parallel to the@001# direction. The presence of th
magnetic field together with the spin-orbit coupling lowe
the point symmetry so that the irreducible wedge of the B
louin zone~IBZ! comprises 1/16 of the BZ. The geometry
the IBZ can be found in Ref. 19. The total andk-projected
partial DOS’s andl-projected partial densities of spin ma
netization were calculated using the tetrahedron method
a uniform sampling of 1261k points in the IBZ. The nota-
tion of the high-symmetry points shown in Fig. 1 refers
the 1/48 of the BZ. Core states were treated self-consiste
by solving the full non-spin-polarized Dirac equation for t
crystal potential. 3d, 4s, and 4p states were treated as v
lence bands. The self-consistency criterion — i.e., the in
gral over atomic sphere of the absolute value of the diff
ence between the input and the output~charge and spin!
densities — was chosen to be 1024e. Our bands agree with
those reported earlier.20–22The (l , j ) resolved DOS functions
are given in Fig. 2~note that presented arenot spin-up and
spin-down DOS’s!. The DOS at the Fermi energyN(EF) is
given in Table I.

The exchange splitting of theP4 was 1.345 eV; the value
is in reasonable agreement with the experimental value23 of
1.5 eV. The calculated value ofN(EF) agrees well with the
values reported in Ref. 21 but it is approximately half of t
experimental value~see the discussion in this reference!.

Another important quantity is the partial densities of sp
magnetizationml(E), that is an integral of@mz#Lm(E,r) @see
Eq. ~37!# over the atomic sphere. Figure 2 displays its ene
dependence in the energy range from the bottom of the
lence band up to 4 eV aboveEF . As expected, thed contri-
bution is much larger than those from other angular m
menta. Figure 1 shows that over the occupied part of

FIG. 1. Energy bands for bcc Fe with the magnetization para
to @001# and total DOS~in units of states/eV atom!.
-

th

tly

-
-

y
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-
e

spectrum thed states have predominantly positive~spin-up!
spin-magnetizationmd(E), but at 0.3 eV aboveEF it
changes sign and is strongly negative~spin-down! up to 3
eV. Table II presents the calculated and the experime
spin and orbital moments. The theoretical values are clos
those based on the full-potential LMTO method25 within the
LSDA framework, which exploited a perturbational trea
ment of relativistic effects. The calculated orbital moment
slightly smaller than the experimental value because of
neglecting the orbital polarization effects in the Hamiltoni
~2!.

IV. ELECTRONIC STRUCTURE OF Fe-Ni ALLOYS
AT THE INNER EARTH’S CORE CONDITIONS

In this section we apply the method to the calculation
the ordered simple cubic close-packed FeNi3 ~see the Intro-
duction!. Details of the band-structure calculations are p
sented in the beginning of Sec. III. Owing to the strong co
pression of the crystal lattice, the BZ volume increases

l

FIG. 2. Partial density of states~solid curves, scale at the left in
units of states/eV atom! and partial densities of spin magnetizatio
~dashed curves, scale at the right in units ofmB /eV atom! for bcc
Fe with the magnetization parallel to@001#.

TABLE I. Angular-momentum-projectedN(EF) ~in units of
states/Ry! for bcc Fe,M i@001#.

s1/2 p1/2 p3/2 d3/2 d5/2 S Expt.a

0.20 0.35 0.68 5.13 8.25 14.61 27.37

aReference 24.
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TABLE II. Angular-momentum decomposed spin and orbital magnetic moments~in units ofmB) for bcc
Fe, M i@001#.

Mspin Morb Mtotal

s p d S s p d S

Theor. 20.014 20.059 2.280 2.206 0.000 0.000 0.049 0.049 2.25
Expt.a 2.13 0.08 2.21

aReference 26.
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the valence band broadens. We used 1547 points in the
which for the @111# direction of magnetization comprise
1/12 of the BZ. The self-consistency criterion was chos
1025e. That choice of parameters is necessary to ensure
convergence of the self-consistent procedure in total ene
The atomic sphere radii were chosen equal,SFe5SNi
52.285 a.u.

It is well known that the gradient corrections to the LSD
do not strongly affect the band energies and the spin ma
tization, but they are important for the total energy.11 More-
over, as has been pointed out in Ref. 20 at smaller volu
the charge-density gradient is, in general, smaller. In ad
tion, we believe that the nonsphericity of the spatial distrib
tion of the electron- and spin-magnetization densities sho
be small because of the enhancement of thed electron delo-
calization under the pressures considered. These assump
significantly simplify the computer simulation; the erro
they introduce are evidently less than the error due to
uncertainties in chemical composition and crystal structu
We believe that these assumptions do not considerably a
the ultimate results.

Non-spin-polarized scalar-relativistic electronic structu
calculations for the ground state of some stoichiome
Fe12xNix compounds with several values of the concent
tion of Fe have been performed. The DOS’s of the const
ent atoms are shown in Fig. 3. Here FeNi and Fe3Ni com-
pounds were chosen to possess a simple cubic la
originating from the fcc structure, and the unit cell of Fe7Ni
was assumed to consist of two Fe fcc cubic cells with one
atom replaced by Ni. The lattice constants of all of the
alloys were chosen to provide the same mass den
(13 g/cm3). Of course, the gross features of the total DO
are determined by thed contribution.~The l decompositions
of the functions are not shown.! When the lattice is com-
pressed thed band is expected to broaden owing to the e
hanced overlap of neighboring orbitals. However, Fig. 3 d
plays an interesting trend when the concentration of N
increased: the Fed bands become narrower andN(E) grows.
Moreover, the compound FeNi3 @plot ~e!# exhibits, firstly, a
distinct peak in the filled valence band in the vicinity of th
Fermi level, and, secondly, a sizable Fe-DOS atEF ,
N(EF)52.53 states/eV atom. This situation is similar
those in non-spin-polarized calculations for Fe, Co, and N
the ambient pressure, whereN(EF) values lie in the range
from 2 to 4 states/eV atom.27

This unusual effect can be understood in the followi
way. Calculations that neglect the hybridization between i
and nickel electron orbitals~not reported here! demonstrate
that the lower part of the valence band,E2EF,21 eV,
originates mostly from the Nid states. The Fed states form
a narrow band~a half-width of 2 eV!, which is partially
Z,
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occupied. Though the distance between neighboring Fe
oms in that alloy~5.847 a.u., i.e., the lattice constant! is
larger than that in the bcc Fe under the ambient press
~4.680 a.u.!, it should be noted that the distance betwe
neighboring Fe and Ni atoms is only 4.135 a.u. The Fed
electrons are affected by strong repulsive potential of the
sphere and vice versa, and atomic spheres of each so
atoms is weakly transparent for the electrons of the ot
sort. The increase ofN(EF) is directly connected with this
effect.

The quantityI (EF)N(EF), whereI (EF) is the Stoner pa-
rameter, is well known to provide a direct criterion of ferr
magnetic ordering, which makes it necessary to perform
spin-polarized band-structure calculation of the ground s
of this compound. In addition, under the extreme compr
sion the valence electrons move closer to the nuclei and t
kinetic energy increases so that the relativistic effects
come important.

We have chosen the magnetization along the@111# direc-
tion similar to the ordered FeNi3 at normal conditions, where
the easy axis of magnetization is@111# ~Ref. 14!. Figure 4
represents the energy bands along the high-symmetry d

FIG. 3. Non-spin-polarized Fe and Ni DOS’s~in units of
states/eV atom! for some ordered Fe-Ni compounds with seve
concentration of Fe but with the same mass density (13 g/cm3): ~a!
fcc Fe,~b! Fe7Ni, ~c! Fe3Ni, ~d! FeNi, ~e! FeNi3 ~see text!.
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tions and the total DOS at the lattice parameter conside
The partial DOS’s and the energy dependence of the
magnetization are shown in Fig. 5, which shows that thd
contribution strongly dominates. Moreover, thed(m56 5

2 )
states mainly contribute to themd(E) in the vicinity of the
Fermi level. In addition, Table III presents calculated valu
of integral magnetic properties together with the angular m
mentum decomposition of the spin and orbital magnetic m
ments of components. The table indicates that both spin
orbital moments are mainly concentrated at the Fe site
cause theEF falls at the peak of the nonmagnetic Fe DO
@see Fig. 3~e!#. However, the three Ni atoms contribute co
siderably to the resulting magnetization.

Owing to the relatively small spin polarization obtaine
the total DOS is similar to that with the spin polarizatio
turned off. Additionally, the value ofN(EF) remains suffi-
ciently large~see Table IV!. That may be a source of mag
netic instabilities, which occur, for instance, in 3d-rich ter-
nary compoundsR2Fe14B andR2Co14B, whereR is a heavy
rare-earth element.28 Note that in such a case each sublatt
may favor different easy magnetization directions and
increase of the temperature may result in the sp
reorientation phenomena.

Special attention is paid to the energy dependence of

FIG. 4. Energy bands for FeNi3 with the magnetization along
@111# and total DOS~in units of states/eV atom!.
d.
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spin polarization ofd states of the alloy components~Fig. 5!.
This range is characterized by a very strong oscillatory
havior of m(E). The contribution from the bottom of the
valence band up to 2 eV belowEF to the resulting magneti-
zation is nearly zero for both components. Moreover,
main contribution to the integral cell moment comes fro
the distinct peak at 0.8 eV belowEF , though in the imme-
diate vicinity of EF m(E) is negative. It should be noted
however, that, as is seen from Fig. 3, the situation diff
from that in iron under normal conditions, where the Fer
level lies at the high energy edge of the respective peak,
is rather similar to that in nickel~see, e.g., Ref. 29!.

The decrease of the total energy of the crystal due to
spin alignment is found to be 0.012 eV; this value should
be considered exact because of the use of the LSDA.
surprising that, in contrast to the close-packed phases of
Fe under the high pressure,11 the spin alignment turns out to
be favorable at the 1.5-fold compression of the lattice.

Should the IC be made only of the FeNi3 compound at
zero temperature, then the theoretically predicted magn
properties of this compound would lead to the value of
Earth’s magnetic field 12.3 times greater than the experim
tally observed value.

As far as the influence of the structural ordering on t
magnetization is concerned, it should be noted that un
normal conditions the mean field in the disordered FeNi3 is
larger than in the ordered state,14 although direct analogy
between the strongly compressed and the normal state
be inconsistent.

Some additional remarks should be made on the pecul
ties of the picture of the ferromagnetic ordering suggested
the present theory. It is generally accepted that transi
metals do not manifest magnetic behavior at extreme p
sures~i.e., at very small atomic volumes! because thed states
become smeared over the wide valence band. Thereby
DOS at the Fermi level,N(EF), becomes rather small, an
distinct DOS peaks near the Fermi level disappear. Suc
behavior is illustrated by Fig. 3. All the curves~a!–~d! are
smooth and have no pronounced peaks. Thus a ferromag
alignment should not be expected in these stoichiome
compounds, which has been confirmed by our SpRLM
calculation: we did not observe a sizable ferromagnetism
FeNi. In contrast to that, Fe12xNix alloys with x.0.26 are
ferromagnetic under ambient pressure~Ref. 15!. Neglecting
the possibility of the antiferromagnetic or spiral spin alig
ment one may conclude that the strongly compressed Fe3
compound demonstrates a pure itinerant~weak! ferromag-
netism that originates only from the valence band struct
without any localized moments due to the exchan
correlation interaction on a 3d-metal site.30

Although a spin-polarized band theory coming from t
9
8

TABLE III. Calculated angular-momentum decomposed spin and orbital magnetic moments~in units of
mB) for FeNi3 , M i@111#.

Atom Mspin Morb Mtotal

s p d S s p d S

Fe 0.001 0.001 0.206 0.208 0.000 0.000 0.011 0.011 0.21
Ni 0.001 20.002 0.058 0.057 0.000 0.000 0.001 0.001 0.05
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Stoner theory provides a satisfactory description of the m
netic properties of transition metals at very low temperatu
it fails to account for the magnetic properties at finite te
peratures, first of all for the Curie temperatureTC . TC ap-
pears to be too high because of the neglect of orientatio
spin fluctuations of local magnetization, which must be tak
into account in a realistic finite-temperature theory.30,34,31

However, it turns out that the Stoner theory has an attr
tive feature to overestimateTC in a regular manner, at leas
for Fe, Co, and Ni,32,31 that is the ratioTC

St/TC lies in the
range from 3 to 6~about 4.7 for Ni!. This enables us to appl
a generalization of the Kohn-Sham theory proposed by E
ardt and Fritsche,29,33 which reduces to a Stoner-like theo
for realistic charge and spin densities. Moreover, it has b
pointed out by Staunton and Gyorffy31 that nickel can be
analyzed in terms of the Stoner theory, although the s
fluctuations lower considerablyTC . In addition, the spin
density distribution in FeNi3 ~see Fig. 2! is rather similar to
that in pure Ni.27 Within this approach we can rewrite Eq
~36! and ~37! as

n~r!5E (
L,m

nLm~E,r! f ~T,z,E!dE, ~38!

TABLE IV. Calculated angular-momentum decomposedN(EF)
~in units of states/eV atom! for FeNi3 , M i@111#.

Atom s1/2 p1/2 p3/2 d3/2 d5/2 S

Fe 0.01 0.02 0.03 0.97 1.61 2.64
Ni 0.01 0.01 0.03 0.45 0.75 1.25
g-
s,
-

al
n

c-

k-

n

in

mz~r!5E (
L,m

@mz#Lm~E,r! f ~T,z,E!dE, ~39!

wheref (T,z,E) is the Fermi distribution function at the tem-
peratureT. The chemical potentialz is implicitly determined
by

N5E n~r!dr, ~40!

whereN is the total number of electrons.
Self-consistent SpRLMTO calculations for the ordere

FeNi3 at the same value of lattice parameter have been p
formed forT53000 K and the resulting magnetic moment o
0.0476mB per unit cell was found. This is about17 M (T
50). Assuming the Brillouin behavior of the magnetizatio
M (T) one can easily estimateTC

St to be slightly larger than
3000 K, so thatTC should lie in the range from 500 K to
1000 K ~one would rather expect 600 K assuming the fittin
factor to be the same as for Ni, i.e., 4.7!. Taking into account
a small zero-temperature magnetization, this is an unus
effect, which can be brought out in a more clear way a
follows. According to the Stoner theoryTC

St is defined by the
relation

I ~EF!E ] f ~TC
St ,EF ,E!

]E
N~E!dE1150, ~41!

whereN(E) is a non-spin-polarized DOS. Because the Ferm
distribution function at a finite temperatureT changes con-
siderably only within an interval of about6kT around the
Fermi levelEF , the integration is restricted to this energ
n
FIG. 5. Partial density of states~solid curves, scale at the left in units of states/eV atom! and partial densities of spin magnetizatio
~dashed curves, scale at the right in units ofmB /eV atom! for FeNi3 with the magnetization directed along@111#.
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interval. In contrast to Fe, Co, and Ni~Ref. 27!, in spite of
the spin polarization turned on theN(E) remains large over
the whole interval, and the integral in Eq.~41! diminishes
slowly with increasing the temperature parameter. Note
the Stoner parameterI (EF) that describes the exchang
correlation interaction is assumed to be temperature inde
dent.

It is well known that when the pressure increases the e
tron gas interacting both with itself and with the nuclei b
comes closer to the ideal gas. Letl be a characteristic lengt
of the structure~e.g., a lattice parameter or a mean distan
between electrons!. It is clear that the potential energy o
electrons is proportional to 1/l, and the kinetic energy is
proportional to 1/l2 ~because of the Heisenberg relatio
DxDp.\). Thus the ratio of kinetic to potential energy
proportional to 1/l, and whenl decreases, the electron g
moves towards the ideal gas. Since the Stoner model d
not explicitly take into consideration the electron interactio
~thereby exploiting the concept of ideal gas of free electro!
it may be expected that under extreme pressures the a
ratio would be less than 5 and the actualTC may be larger
than the estimate obtained.

In principle, it would be possible to estimateTC more
accurately using more realistic approaches~see, e.g., Refs
31 and 34! however, such approaches involve a number
experimental parameters.

V. CONCLUSION

An improved fully relativistic spin-polarized first
principles linear muffin-tin orbital~SpRLMTO! method for
density functional theory electronic structure calculations
magnetic crystals containing heavy elements has been d
oped. This method is based on an internally consistent
proach to the basis functions construction, and it posse
all the properties of the conventional methods, both
RLMTO and the spin-polarized LMTO. Using a more acc
rate solution of the Dirac equation in the presence of m
netic field made it unnecessary to resort to further assu
tions and simplifications.

The method has been numerically studied by means oab
tte
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initio self-consistent calculations of the electronic structu
of iron and the results obtained are in excellent agreem
with previous theoretical and experimental results.

In particular, the progress achieved in the present pape
ab initio describing ferromagnetic order under extreme pr
sure is demonstrated by the results on the ordered Fe3
alloy, which may be a possible candidate for the chemi
composition of the IC. Although no relevant experiment
likely to be feasible, the calculations give strong eviden
that under the conditions assumed intrinsic spin ordering
curs with the resulting magnetic moment of 0.393mB /cell at
least atT50. Though the validity of this model of the IC
layer essentially depends on the assumptions used in its
struction, we can suggest a unified description of some in
esting geophysical data and suggests a coherent unders
ing of the structure of the Earth’s interior.

With these initial results from our self-consistent ban
structure calculation of the FeNi3 compound an attempt ha
been made to bring together the solid state and the geop
ical data. However, as only one alloy has been found
exhibit ferromagnetic spin alignment, the above assumpti
about real magnetic state of the IC are speculative. Furt
more, several model improvements, which could improve
results and conclusions, are required to produce a more
istic picture in the future. For example, a more detailed th
modynamics including phonon and disorder effects is de
able. On the other hand, the effects of the variation of
chemical composition, crystal structure, density of the
and noncollinear spin ordering should also reveal new in
esting features. In addition, it would be particularly intere
ing to elucidate the effect of the lowering of the symmetry
the lattice~within the close-packed crystal structures! on the
itinerant magnetism as well as on the elastic anisotropy
the Earth’s core,35 which has not yet been explained.
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